Time resolved spectroscopic observations of U Gem during its March 2000 outburst show strong spiral shocks in the accretion disk. During the plateau at maximum brightness the spiral shocks contribute ∼14% to the total He II flux. The two arms of the spiral show a distinctly different evolution during the outburst and decline, which indicates an asymmetric evolution in the disk.
Introduction
One of the major problems in accretion disk physics is the transport of angular momentum outwards through the disk. Known sources of viscosity fail by many orders of magnitude, signifying the presence of one or more additional mechanisms that should be very efficient in carrying off the angular momentum of disk material. One of these possible mechanisms is transport of angular momentum through tidally induced spiral arms.
Although they had been predicted many times theoretically, first by Sawada, Matsuda and Hachisu in 1986, spiral shocks have only recently been detected observationally in accretion disks in Cataclysmic Variables (CVs). They were first detected in IP Peg in outburst (Steeghs, Harlaftis and Horne, 1997) and have now been confirmed in the same source (Harlaftis et al., 1999) and in EX Dra (Joergens, Spruit and Rutten, 2000) . IP Peg, as well as EX Dra, belongs to the dwarf nova class of CVs. These are characterized by 2-5 magnitude outbursts that occur on irregular timescales (ranging from weeks to decades; see Warner, 1995 , for an overview of CVs). It is during these outbursts that the spiral arms have been detected.
-3 -As shown by Steeghs and Stehle (1999;  hereafter S&S99) the low Mach numbers (which is the ratio of the local gas velocity, often assumed Keplerian, and the speed of sound in the disk) and the large size of these disks make the expected spiral pattern an open two-armed spiral (e.g. Sawada et al., 1986, Różycka and Spruit 1993; Heemskerk 1994) . This also causes them to be detected quite readily in spectroscopic observations. If spiral arms persist in accretion disks in quiescence they are expected to be more tightly wound due to the higher Mach numbers and the smaller size of the disk. This makes them much harder to be detected in spectroscopic observations (S&S99). Due to the very limited sample of systems with detected spiral arms (only two), and the limited number of observations during their outbursts, much of the origin, dynamics and evolution of spiral arms in accretion disks remains a mystery. Their dependence on outburst phase, orbital period, mass-ratio's etc.
is still largely unknown. Clearly a larger sample is needed. In this Letter I report on observations taken of U Gem, before and during its outburst in March 2000. U Gem is the prototypical and first discovered CV (Hind, 1855) . It is a dwarf nova system with a relatively long orbital period of 4h17m. It has been studied extensively photometrically (see e.g. Smak, 1993 , and references therein) and shows grazing eclipses: the accretion disk is partially eclipsed, but the white dwarf remains visible during mid-eclipse.
From photometry the system parameters have been deduced by many authors, but I will use the orbital period and ephemeris as determined by Marsh et al. (1990) and the values of Friend et al. (1990) for the mass of the white dwarf primary, M 1 (1.24 M ⊙ ), the mass ratio, q (=M 2 /M 1 =0.46) and the inclination i (69.7
• ). These give the projected velocity amplitudes K 1 and K 2 that are needed for the Doppler mapping procedure.
U Gem is known to undergo outbursts on timescales between 30 and 250 days (Warner 1995) . The outburst in the spring of 2000 started on March 1, and lasted through March 21.
In Figure 1 I (Fabricant et al., 1998) was equipped with a Loral 512x2688 pixel CCD. We used a 1200 line grating, centered on 5050
A, to cover 1000Å at a resolution of 1.1Å. For the wavelength calibration arc spectra were taken every 30 minutes. An overview of the observations is given in Table 1 .
The data was reduced using the ESO-MIDAS package with additionally written software. All spectra were optimally extracted and wavelength calibrated after standard de-biasing and flatfielding.
Although the spectrum covers multiple lines, I will in further concentrate on the spectral evolution of He ii 4686Å, since this line most clearly shows the spiral arms during outburst. A full discussion of the spectral evolution of U Gem during the outburst will be given elsewhere.
Spectral evolution of He ii 4686Å.
Based on the outburst light curve of U Gem shown in Fig. 1 , the observations are divided into four episodes (see Table 1 ): the observations from JD 2451551 until JD 245602 when the system was in quiescence form Episode I, the outburst observations at JD 2451614 constitute Episode II, at JD 2451615 constitute Episode III and at JD 2451617 constitute Episode IV.
-5 - Figure During the outburst the non-symmetric part of the emission produced 14% (Episode II), 5.5% (Episode III) and 9.5% (Episode IV) of the total He ii flux. In Episode IV the majority of the 9.5% (7.8%) is on account of emission from the secondary. This secondary star emission is completely absent in Episodes II and III, showing that at this stage of the outburst the secondary, but not the spiral shock, is completely blocked from irradiation by the high energy radiation from the inner disk.
Outburst: Spiral arm evolution
Comparing the position and strength of the spiral arms between Episodes II, III and IV, we see not only a clear evolution of the spiral arms, but also a clear difference between the two arms. Let us label the two spiral arms as S0.6 for the one that is located around phase 0.6 and S0.1 for the one that is visible at phase 0.1 (the 'lower' and 'upper' arm, respectively, in the Doppler maps in Fig. 2 ). We can see in the right hand panel of Fig. 2 that S0.1 is stronger than S0.6 in Episode II and III, but not in Episode IV. However, -7 -the more remarkable differences are in the slopes of the spiral arms and the changes in these slopes. In Episode II the slope of S0.6 is -2600±700 (estimated 3σ) km s −1 orbit −1 and for S0.1 this is -1300±200 km s −1 orbit −1 . In Episode III these numbers are -1740±400 km s −1 orbit −1 for S0.6 and -1100±200 km s −1 orbit −1 for S0.1 and in Episode IV -250±140 km s −1 orbit −1 for S0.6 and -900±170 km s −1 orbit −1 for S0.1. We see that, although for both arms the slopes decrease, for S0.6 this decrease is much more rapid and pronounced than for S0.1.
Judging the extent of the spiral arms is much more difficult and highly subjective.
From the v r ϕ plots I estimate the phase extent of S0.6 to be 0.5-0.8 (Episode II), 0.4-0.6 (Episode III) and 0.4-0.7 (Episode IV) and for S0.1: 0.9-0.3 (Episode II), 0.9-0.2 (Episode III) and 0.9-0.4 (Episode IV), although the upper limit on the last number is arguable, and could also be 0.2, depending on what one believes is still genuine spiral arm emission.
Comparison with IP Peg, EX Dra and simulations
Spiral shocks have been convincingly detected in the outburst spectra of IP Peg (Steeghs et al., 1997 and Harlaftis et al., 1999) and EX Dra (Joergens et al., 1999) .
Especially the comparison with IP Peg is of relevance since this source has been observed during rise and maximum of an outburst, complementing the end of maximum and decline data shown here.
Comparing our Episode II data with the outburst maximum maps shown in Harlaftis et al. (1999) shows that there are similarities and clear differences. The fraction of He ii flux in the spiral arms (∼15%) is the same in both systems, but in U Gem there is no secondary star emission at all at the maximum of the outburst, whereas this is clearly seen in IP Peg.
Also the spiral arms in U Gem seem to be rotated in phase towards later phases. The -8 -outburst maximum tomogram in IP Peg more closely resembles our Episode IV tomogram, which was taken during the decline of the outburst. The same comparison holds true for the spirals found in EX Dra, also taken at outburst maximum.
Comparison with simulations, most notably those of S&S99, shows a striking resemblance between the Episode II tomogram of U Gem presented here, and the low Mach number simulations shown there (e.g. their Figure 8 ). This is in contrast with the IP Peg, EX Dra and U Gem Episode IV tomograms, which all appear to have their maximum emissivity rotated anti-clock wise with respect to the simulations of S&S99.
Discussion
A possible evolutionary scenario for the spiral shocks one can derive from the comparison of these three systems is that the shocks appear immediately when the outburst starts (IP Peg; Steeghs et al., 1997), but not just prior to outburst (our Episode I), grow in strength when the outburst reaches its maximum magnitude (Harlaftis et al., 1999 and Joergens et al., 2000) , and continue to gain in strength, or at least remain constant, during the plateau phase characteristic of many DN outbursts (our Episodes II and III), and then fade during outburst decline (our Episode IV).
This interpretation, however, neglects any differences in system parameters between U Gem, EX Dra and IP Peg. For instance, of these systems U Gem has the lowest inclination 1990 and for EX Dra from Fiedler et al., 1997) . All of these factors may be of (unknown relative) importance for the visibility and strength of the spiral shocks during outburst.
-9 -One of the main questions in spiral shock research is the question whether the shocks persist through quiescence and could serve as a funnel to transport the angular momentum outwards. So far, no spiral arms have been detected in quiescent dwarf novae. The data presented here show that the shocks certainly fade during the decline of the outburst.
However, it is not clear if they also wrap up at the same time. S&S99 have shown that the spiral arms in quiescence should be tightly wrapped and will be difficult to observe. The rapid decrease in spiral shock slope (especially of the S0.6 arm) in the v r ϕ diagram could be taken as an indication of a 'wrapping' up of the spiral arms, which would, to the observer, show up as a 'circulization', i.e. a flattening of the slope, of the spiral shocks. The data presented here is, however, too scarce to draw a strong conclusion on this.
To the best of my knowledge, no theoretical investigation or modelling has shown a difference in the evolution of the spiral shock between the two arms, which is clearly seen in U Gem.
To disentangle the effect of spiral shock evolution and differences in system parameters, outbursting dwarf novae (at least IP Peg, EX Dra and U Gem) should be followed spectroscopically during a complete outburst. Certainly for U Gem, which reaches V∼9
during outburst maximum, this should not be a difficult task.
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Arrows indicate the times of our spectroscopic observations. Stars indicate the approximate continuum level (on the scale on the right) of the spectrosopic data. the Doppler maps (middle) and the v r φ maps (right). In the Doppler tomograms the balloon represents the secondary, the '+' sign the center of mass, the 'x' the position of the white dwarf. In the v r ϕ-map the balloon indicates the position of the secondary. Data at ϕ >1 is copied from the same phases at ϕ <1 for display purposes.
